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BER VARIATION IN AN UWB OFDM MIMO COMMUNICATIONS SYSTEM BASED ON
MEASUREMENTS MADE IN A PICOCELL WIRELESS ENVIRONMENT.
Pat Chambers, Conor Downing, and Hussein Baher
Dublin Institute of Technology, Kevin Street, Dublin 8, Ireland.

ABSTRACT
A picocell UWB MIMO communications system model
is considered which has five orthogonal sub-channels,
each with its own OFDM signal. The effect of removing
the various channel impulse response components which
arise due to the multi-path propogation, a phenomenon
characteristic of wide band transmission, is considered.
This is a measurement based analysis where the measurements, themselves, were made, in a specially constructed
enclosure which had reflective surfaces, using specially
designed UWB antennas.
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1.

INTRODUCTION

In the context of antenna communications systems, the
multiple-input/multiple-output (MIMO) communications
system model as well as the ultra wide band (UWB)
communications channel have received a lot of attention
lately. In conjunction with orthogonal frequency division multiplexing (OFDM), the MIMO communications
system model can exploit the multi-path signal propagation which is characteristic of the UWB communications
systems. Primarily, the analysis made herein seeks to
demonstrate the effect of the various components of the
multi-path signal as detected at the receiver on the MIMO
communications system performance. More specifically,
the removal or perhaps obstruction of each of the multipath components is examined here in terms of the bit
error rate (BER) of the MIMO communications system
model.
Previous work by the authors [1] described a single carrier analysis, based also on UWB measurements, where
the convenient formula for generalised capacity as outlined by Foschini and Gans [2] was used to calculate the
potential capacity of a 5.2 GHz carrier frequency within
the UWB band. This approach indicated an increase
in the potential capacity of this single carrier frequency
when the line of sight (LOS) signal path was removed
from the calculation for the channel transfer function matrix. It could be argued, however, that in the context of

that approach, that there may have been a temporal diversity gain due purely to the normalisation procedure of the
channel transfer function matrix.
For this analysis, measurements of the UWB channel
were made using an Anritsu 37369A vector microwave
network analyser (VMNA). Although various definitions
of the UWB exist [3], the UWB channel measurements
here were made within a band between 3.1 GHz and
10.6 GHz. These measurements were then incorporated
into a 256 sub-band MIMO OFDM simulation where
an investigation of the multi-path environment then proceeds without the need for the normalisation discussed.
It should be noted that in order to simplify analysis, a
sub-band bandwidth of approximately 15 MHz was assumed so that one complete OFDM communications systems could be implemented with respect to the UWB defined. This is in contrast to work by Siriwonpairot et al.
[4] where the 7.5 GHz UWB band is split into separate
500 MHz channels, each with their own OFDM signal.
In effect, it is assumed in this context that any spectral
null observed in this work will have a bandwidth greater
then 15 MHz.

2.

OFDM COMMUNICATIONS SYSTEMS

One of the main problems associated with transmission over the UWB channel is ’multi-path fading’. As
a result of the multi-path environment, there can exist significant losses in received power at certain frequencies for a given UWB channel. A possible solution to this problem is to transmit data in many different sub-bands. This has a clear advantage over singlecarrier techniques, but leads to another problem of interband interference (IBI). Orthogonal frequency division
multiplexing (OFDM) avoids IBI by utilising the fast
fourier transform (FFT) to create a series of orthogonal
sub-bands within the communications channel. OFDM
can then be further improved by coding techniques, precoding techniques and spreading techniques. However,
to simplify analysis here, the OFDM technique used is
conventional and is described below. It should be noted
that the following analysis will be extended to an UWB
MIMO OFDM communications system in the next section.
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At the transmitter, a frame of data or ’symbol’ is transmitted which is seen to consist of a number sub-symbols
which, in turn, are the outputs from a bank of quadrature
amplitude modulators. Each of the quadrature amplitude
modulation (QAM) constellations over the band of frequencies on the communications channel is thought of as
being complex and of equal constellation size or ’M-ary
number’. They each form a variable, xn . A complete frequency domain vector of channel inputs,X known as the
’symbol’ described, is defined by equation (1) below and
is derived from each QAM constellation variable, xn :

X = [x0 , x1 , ...xn−1 , 0, xn−1 † , xn−2 † , x1 † ](1)
In the context of the sub-script notation above, transmission occurs over 2n sub-bands, where generally ,2n =
512 = N . Each transmitted symbol thus contains 512
sub-symbols and X is an N × 1 vector. The notation, ’†’
refers to the complex conjugate of a given variable and so
the vector, X is composed of a series of elements which
are conjugate symmetric about the origin. The element,
x0 is always assigned a value of 1. The output of the
OFDM transmitter is a time domain signal, which results
from taking the inverse fast Fourier transform (IFFT) of
the frequency domain vector of channel inputs, X. This
time domain signal will, in turn, be entirely real owing to
the conjugate symmetry of X.
The fast Fourier transform (FFT) may be written as a unitary matrix of elements,W, and is defined below in equation (2) as a k × l matrix:


2π
1
(2)
Wk,l = exp −j kl
N
N
√
In this case j = −1 and if a vector of dimensions N ×1
is to be transformed, then 0 ≤ k, l ≤ N − 1. The quantity N1 may be thought of as a scaling factor which is
relevant to this context. The corresponding IFFT matrix operation is the Hermitian transpose of W, written as
WH . OFDM can exploit the fact that a circulant matrix,
e UWB is diagonalised by the W and WH matrix operH
ations. When these operations have been performed with
e UWB , there is a significant reduction in the
respect to H
interband interference (IBI) that would normally occur as
result of the communications channel. An expression for
the diagonal matrix, Λ, that arises from these operations
is given by equation (3) below:
e UWB WH
Λ = WH

v
X

Y
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Figure 1. A single channel OFDM communications system.
CP is determined with respect to the delay spread of the
channel. In this regard, the CP also reduces intersymbolinterference (ISI) by mitigating the effect of the length in
time of the channel impulse response on the symbol, X.
As indicated, the information content of the CP is ignored
e UWB is the circular convoat the receiver. In this way, H
lution matrix, which is derived from a vector containing
a discrete time measurement of the UWB channel, when
OFDM is applied to the channel. An N × 1 vector of
frequency domain channel outputs, Y, may be derived at
the receiver by means of a further matrix multiplication
by W. An expression for Y is given by equation (4) below:
n
o
e UWB WH X + v
Y=W H
(4)
v is an N × 1 added white Guassian noise (AWGN) vector. Substituting equation (3) into equation (4) allows Y
to then be written as equation (5) below:
Y = ΛX + v
where

′

′

v = Wv

(5)
(6)

′

v refers to the N × 1 vector of AWGN v ,which has
been transformed into the frequency domain by the matrix multiplication in equation (6) above. The frequency
domain vector Y has a gain profile, Λ with respect to
the original frequency domain channel input vector X ,
′
as well as having an additional noise vector v . Λ is a
diagonal matrix and in this way ensures that there is little or no IBI seen at receiver. Inverting each individual
element along the main diagonal to form an N × 1 vector, D, would allow the recovery of the original vector of
frequency domain inputs to the channel, i.e., X. An expression for the vector D is given by equation (7) below:


1
1
1
1
D=
,
,
, ...,
(7)
Λ1,1 Λ2,2 Λ3,3
ΛN,N
OFDM with respect to a single communications channel
is presented in figure (4) below. Equalisation, i.e., ’EQ’,
refers to the recovery of X at the receiver.

(3)

In practice, the frequency domain vector of channel inputs, X ,has a series of redundant sub-symbols known as
a ’cyclical prefix’,(CP) affixed to it. When the time domain samples derived from X, by means of the matrix
operation WH at the transmitter output, are then convolved with the channel impulse response, the channel
impulse itself appears as a circulant matrix multiplicae UWB , on X at the receiver. The length of the
tion, H

3.

THE UWB MIMO OFDM COMMUNICATIONS SYSTEM MODEL

Referring to figure (2), it is clear from this measurement
of the channel impulse that a calculation of the delay
spread is possible. Specifically figure (2) shows a line of
sight (LOS) component, two signals which have undergone one reflection before being detected at the receiver,
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Figure 2. A time-domain measurement, with respect to
the UWB bandwidth defined, of the channel impulse response which results from a multi-path environment .
i.e. two first order components and finally a signal which
has undergone two reflections before detection or second
order component. Of course, it is knowledge of the physical dimensions of the measurement environment which
allows for such deductions to be made. Details of measurements will be discussed in the next section.
Given measurements similar to figure (2) which are indicative of a 5 × 5 MEA of transmit and receive antennas,
a suitable MIMO communications system model may
now be defined. For each possible permutation of transmitter and receiver positioning outlined above, there is a
measurement of S21 similar to figure (2) which is a 201
point IFFT of the UWB frequency response of the channel which exists between each permutation described.
Making the assumption that the UWB frequency response
represents a complete impulse response of a given single
channel, then convolution of a given time domain signal
with this 201 point IFFT allows for the comparison of
two frequency domain gains which in the context of the
model presented in figure (1) would be X and Y. The
201 point IFFT can be expanded to a 512 point IFFT by
means a spline algorithm allowing the model for OFDM
outlined in the previous section to be relevant to this context here. Taking the element-by-element division of X
and Y allows for the frequency response of the channel
to be derived. Figure (3) below indicates how this same
process might be used to calculate the frequency response
of the four such permutations that would exist in a 2 × 2
MEA of transmit and receive antennas. The 2 × 2 case is
now examined for the sake of clarity. As indicated previously this work focuses on a 5 × 5 case.
The simulation first generates a series of QAM signals
at the two inputs, i.e. the vectors X1 and X2 . With
respect to these QAM signals, it then performs the various matrix multiplications relevant to the terms: WH ,
e UWB(1,1) , H
e UWB(1,2) , H
e UWB(2,1) and H
e (2,2) .
W ,H
e UWB(1,1) , H
e UWB(1,2) ,
Each of the matrices: H
e
e
HUWB(2,1) and HUWB(2,2) is a circulant matrix which
is related to a vector containing a set of points not unlike

^

H 2, 2

Figure 3. Model for the measurement based simulation
used to calculate the frequency response of all the channels or permutations in a 2 × 2 MEA of transmit and receive antennas.
what was plotted in figure (2). Four N × 1 frequency domain output vectors are now introduced: Y11N , Y12N ,
Y21N and Y22N . A three dimensional array, Hω(i,j,N)
may be calculated. For this particular 2×2 MEA of transmit and receive antennas: i = 1, 2 and j = 1, 2. At this
point, the notation, (·)ω , should be noted. It indicates that
each 2 × 2 matrix contained within the three-dimensional
array, Hω(i,j,N) , contains elements which are frequency
dependent. For example, Hω(1,1,N) is an N × 1 vector
containing the element-by-element division of the N × 1
vectors of X1 into Y11 and as indicated previously, X1
and Y11 are both frequency domain vectors. Similar expressions for Hω(1,2,N) , Hω(2,1,N) and Hω(2,2,N) may
also be derived and expressions for all of these are given
below in equations (8), (9), (10) and (11) respectively:


Y111 Y112 Y113
Y11N
Hω(1,1,N) =
,
,
, ...,
(8)
X11 X12 X13
X1N

Y121 Y122 Y123
Y12N
,
,
, ...,
(9)
X11 X12 X13
X1N


Y211 Y212 Y213
Y21N
=
,
,
, ...,
X21 X22 X23
X2N
(10)


Y221 Y222 Y223
Y22N
=
,
,
, ...,
X21 X22 X23
X2N
(11)

Hω(1,2,N) =
Hω(2,1,N)

Hω(2,2,N)



The calculation of the three dimensional array, Hω(i,j,N) ,
within the simulation may be thought of as being equivalent to a channel sounding sequence. At this point, N
singular value decompositions (SVD)s are performed on
each of the N 2 × 2 matrices Hω(i,j) which may be derived from Hω(i,j,N) . This generates three new threedimensional arrays: Ui,j,N , Si,j,N and Vi,j,N . The relationship between the 2 × 2 matrices within these arrays
may be described by an equation similar to equation (3),
i.e. equation (32) below:
Si,j,N = UH
i,j,N Hω(i,j,N) Vi,j,N
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Figure 5. The experimental set-up.

Figure 6. A sketch of the specially built enclosure identifying multi-path components with respect to one transmit
element, Tx, and one receive element, Rx. 1st order signal paths undergo one reflection and second order signal
paths undergo two reflections within the enclosure..

Clearly, there are now N sets of matrices: Ui,j , Si,j and
Vi,j . Each matrix Ui,j and Vi,j is a unitary matrix with
UH
i,j being the hermitian transpose of Ui,j . Si,j is a diagonal matrix containing the singular values of Hω(i,j) .

4.

Removal of first order (1)
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Complete Multi−path
Removal of first order (1)

−1
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BER

Figure (4) shows the MIMO Communications channel.
The overall gain profile of the entire 2 × 2 communications system would assume that given by matrix Si,j .
Specifically in the context of the simulation, the two
N × 1 vectors: X1 and X2 are multiplied by four N × 1
vectors, U1,1 , U1,2 , U2,1 and U2,2 which are derived
from appropriate partitioning of the three dimensional
matrix: Ui,jH . The two N × 1 vectors: Y1 and Y2 are
multiplied by four similar N × 1 vectors derived from the
three dimensional matrix Vi,j . Figure 4 gives a complete
description of this process, in the context of the simulation model. It should be noted that SIMULINK [7] was
used to run the simulation and that the added noise vectors, v1 and v2 , were such that an SNR of 18 dB arose
on each sub-channel.

1 Reflection

−2

10

−3

10

−4

10

1

2

3
Orthogonal Sub−channel

4

5

Figure 7. Removal of first order (1)

A geometrical appreciation of the experimental set-up,
shown in figure 6, confirms that LOS, first order and second order components can be observed in figure 2

UWB MEASUREMENTS

Experimental results were obtained in a specially constructed enclosure which consisted of two highly reflective surfaces at right angles to each other. Other surfaces
were covered by microwave absorbing material. This reduced the number of paths to one direct path, two singly
reflected or first order paths, and one doubly reflected or
second order path. Four multi-path signals were identified on an MNA in the time domain. The experimental
set-up is shown in figure 5. Two antennas were placed
36cm apart, this distance was deemed adequate for making measurements in the far-field regime with respect to
a frequency of 5.2 GHz (λ = 5.77cm). As stated, the 5.2
GHz carrier frequency was the focus of previous work by
authors in the context of a single carrier calculation. It is
chosen as the separation here for no reason in particular,
other then the fact that it is a sensible antenna spacing.
Detection of the multi-path environment in the time domain was thus made with respect to an IFFT of the frequency range extending from 3.1 GHz to 10.6 GHz.

5.

RESULTS

Figures 7, 8, 9 and 10 reflect the analysis of the UWB
MIMO OFDM communications system simulation. The
emphasis here is a little different to the single carrier
results presented [1]. The following results refer to a
5 × 5 MEA of transmitters and receivers within an UWB
MIMO OFDM communications system. In each figure,
the x-axis refers to the BER recorded when this 5 × 5
MIMO communications system is viewed as a series of
separate orthogonal sub-channels. The simulation randomly generates at total of 329,450 bits and as a result
of the five orthogonal sub-channels within the simulation
model of the 5×5 MIMO communications system, as described previously, this amount of bits is divided equally
amongst the five sub-channels. The BER of each subchannel is then found by comparing each of the 65,890
bits at the transmit and receive end of each sub-channel.
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Figure 4. Model for the measurement based simulation of a MIMO communications system comprising of a 2 × 2 MEA
of transmit and receive antennas.
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6.

CONCLUSIONS

The 2 × 2 UWB MIMO OFDM communications system model was presented. This was then extended to
a 5 × 5 UWB MIMO OFDM communications system
model. It is clear that orthogonal sub-channels (1) and
(2) enjoy a lower BER with respect to orthogonal subchannels (3), (4) and (5). As indicated each sub-channel
has an added noise vector, v1 , v2 ,...,v5 , such that SNR
is 18 dB in case. These orthogonal sub-channels each
have gains which are given by the sets of singular values which are derived from the three dimensional array,
Hω(i,j,N) . Considering this three dimensional array in
terms of N matrices Hω(i,j) , it can be seen that, for the
case where Hω(i,j) is a 5 × 5 matrix as indicated, there
will five sets of N singular values. The frequency response of each of five sets of orthogonal sub-channels
is thus given by a corresponding set of N singular values. Previous work by the authors, albeit in the context
of MIMO transmission lines, has shown that the magnitude of the first and second sets of singular values is generally higher than that of the third, fourth and fifth sets
[5]. This explains the superior BERs of the first and second orthogonal sub-channels, these sub-channels would
appear to have higher gains thus affording them greater
immunity to the effect of AWGN. Figures (12), (13) and
(14) indicate that removal of certain multi-path components, i.e. second order, first order (1) and first order (2)
does not have to dramatic of an effect on the BER of the
UWB MIMO OFDB Communications system. Figure
(15), however shows that removal of the LOS mult-path
component does have the effect of improving the BER of
the UWB MIMO OFDM Communications system. As
indicated by Durgin [6], in situations where the LOS is
dominent there is a good chance that at certain frequencies the LOS could interfere destructively with respect to
the other channel impulse response components. The result of which would be to give rise to more significant
spectral nulls due to the greater power in the LOS. Removal of the LOS component from the detected channel
impulse response, with respect to the time domain, is thus
likely to give rise to less of the deeper spectral nulls, with
respect to the frequency domain, thus giving superior per-
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and Tony Grennan of DIT as well as Barry Cardiff of S3
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